IN:TRODUCTION
There has bee11 a recent surge in interest in stereotactic radiosurgery of intracranial lesions, such as arteriovenous malformations (AVMs), tumors and isolated metastases [3, 4, 6, 7, 9, 11, 12, 13] . Much experience has been gained at a number of medical centers around the world in the past three decades [1, 4, 6, 8, 12, 13] . The successful treatment of tumors and AVMs that were surgically-inaccessible has spawned the dissemination of stereotactic radiosurgical techniques at a number of different institutions. Each of these institutions has developed a unique radiosurgical procedure, using a range of radiation types and irradiation geometries.
The essential component of the stereotactic radiosurgical procedure is the delivery of a dose of radiation that is tightly confined to the region of pathological tissue. Unlike conventional radiotherapy which utilizes a number of therapeutic strategies in addition to dose localization and which delivers small daily doses over many fractions, stereotactic radiosurgery relies on precise dose localization to deliver one or two large fractions of radiation to cause damage to tissue within the target
volume while sparing adjacent, normal tissue. The exact means by which these tightly-confined dose distributions are achieved vary depending on the radiation source, but all rely on stereotactic localization techniques to guide a number of well-defined beams of radiation that are isocentrically arranged about the center of the target volume.
The efficacy of one type of radiation or irradiation scheme over another is not yet clinically established. Differences between treatment centers in patient selection criteria, treatment volumes and margins, and in definitions of cures and complications make such clinical comparisons difficult. In addition, the physiological and biological characteristics of arteriovenous malformations that are important factors in determining the precise radiosurgical treatment parameters are not completely understood or are impossible to visualize by radiological studies. These character-istics include the volume of flow through the AVM, the extent, size and distribution of arterial feeding and venous draining vessels, differences in radiosensitivity between the various compartments of the AVM and nearby normal tissue (neural and vascular), and the effects of hemodynamic changes on the AVM and on normal brain.
The recent interest in stereotactic radiosurgical techniques and the proliferation of medical centers using such techniques makes it more necessary than ever that a basis for comparisons be found, and that such comparisons be made. The first step is to compare the different radiation types and irradiation geometries on the basis of dose distributions. !-dimensional dose profiles and 2-dimensional isodose contours are the most common means used to make such comparisons. However, they are limited in their characterization of the dose delivered to volumes of tissue, and do not give a complete picture of the situation. We use dose-volume histograms, calculated from dose matrices generated by a 3-dimensional, CT-based treatment planning program to present a very complete picture of the distribution of radiation within any given volume of tissue. An optimal treatment modality delivers a uniform dose throughout the target volume while minimizing the dose to surrounding, healthy tissue. Dose-volume histograms provide the best means to evaluate treatment modalities based on these criteria.
Using these methods, we have calculated dose-volume histograms for several representative radiosurgical techniques-the helium-ion technique used at Lawrence
Berkeley Laboratory (LBL) [10], the Gamma Knife in Sweden [3] , and the LINAC technique used at Heidelberg [5] . A range of targets were chosen to explore the impact of lesion size, shape and position on the distribution of radiation to the target volume and to regions of normal tissue. Volumes of normal tissue were circumscribed in order to assess the radiation burden to various adjacent critical healthy tissues. peak are chosen by the computer in 1 em increments to conform to the dimension of the target along the beamport direction.
Target volu,mes were selected to provide a range of sizes, shapes, and locations. One set of volumes was selected from actual cases of AVMs treated at LBL in order to provide realistic target shapes and sizes. Six cases were chosen to fit into six categories defined by size and location: small, medium or large, and centrally or peripherally located. The size categories are: (a) small is less than 4 ems, corresponding to a diameter of less than 2 em for a spherical volume, (b) medium is a volume greater 4 ems and less than 14 cm 3 , equivalent to a diameter from 2 to 3 em for a spherical volume, and (c) ·large is greater than 14 cm 3 , or a diameter greater than 3 em. Centrally located lesions were chosen as falling near or within the thalamus; peripheral lesions were located near or adjacent to the skull.
Another set of targets was used in order to have an easily reproducible stan- Two photon irradiation geometries were used-that of the Gamma Knife with 179 beams [3] , and that of the isocentrically-mounted Linac as used in Heidelberg [5] .
Dose Comparison/ MH Phillips
In order to speed computation time, the 179 beams of the Gamma Knife were often approximated by either 54 or 99 beams after tests were conducted to determine that these approximations did not significantly alter the dose-volume histograms and integral doses. The continuous arcs of the Linac method were approximated by 55 beams. In both of these cases, the angular orientations of the beamports used were taken from the published reports, and the diminished number of ports used was achieved by deleting some symmetrically-distributed subset of those. In both the charged particle and photon treatment plans, all beamports were weighted equally.
Dose-volume histograms were calculated using the set of dose distribution files calculated for each CT slice. Histograms could be calculated for any volume defined by a set of contours and for the difference in volume between any two regions, such as the volume of tissue incorporated in a volume between the target volume and an outer contour. Results were normalized to 100% of the desired dose to the target volume and to the total volume of the region of interest.
Two other figures of merit were calculated-integral dose and localization factor. The integral dose is the integral of the dose-volume histogram and is calculated for 1 Gy dose to the target, so that the actual integral dose for any particular desired target dose can be calculated easily. The localization factor is the fraction of radiation energy that is delivered to the target volume. It is defined by the ratio of the integral dose of the target volume to the integral dose of the entire brain. Figure 2 is a dose-volume histogram of a 2 em diameter (volume = 4 cm 3 ) spherical target lesion. The histogram is calculated for protons, carbon iohs, and 8-MV photons. All three radiation types resulted in nearly .identical coverage of the target lesion; the dose is uniform to ± 5% over the entire volume (100% of the volume received ~90% of the dose). Using these radiation types and the irradiation geometries described above, similar target dose-volume histograms were calculated for the entire range of target volumes, locations, and shapes studied. except for the 14 cm 3 lesion which is calculated for carbon ions and photons. The close grouping of the plots for each different charged particle species is common to all of the target volumes studied. Generally, the histograms for helium and carbon ions are slightly beneath those of protons and neon ions. The relative shapes and positions of the charged particle histograms relative to those of the photons is also evident in all target volumes studied. As illustrated in Figure 3 , the separation between the two sets of histograms is most pronounced at large volumes, although discernible differences are seen at all volumes. Table 1 lists the results of calculations for the six lesions chosen from actual cases. The integral doses to the entire brain and the AVM, the localization factors, the treatment volume and location, and the radiation type are shown. The differences in the integral doses for different charged particle species reflect the results described for dose-volume histograms; helium and carbon ions are slightly better than protons and neon ions. This is also reflected in the values of the localization
RESULTS
factors. The relative differences between charged particles and photons also mirror the histogram results. In general, the integral doses for the charged particles are between 2 and 3 times smaller than for photons.
In order to assess the effect of approximating the arc methods with fixed beams and reducing the number of (jamma Knife beamports, dose-volume histograms and integral doses were calculated for the entire brain and a I em thick shell surrounding the target volume for a 2 em diameter target volume using a range of beamport numbers. Using the Gamma Knife beamport geometry, calculations were performed with 18, 54, 80, 99, and 179 beamports. The results were within a few percent for all except the 18 beamport configuration. The Gamma Knife and
Linac irradiation geometries were compared with one another, and the difference in the integral doses and dose-volume histograms were a few percent or less. Therefore, we have grouped both of these geometries under the classification of "photon".
Beamport dose profiles for photons were compared with the published profiles 
DISCUSSION

3-Dimensional Calculations
The need to use 3-dimensional calculations to provide quantities that fa. 
Dose to Circumscribed Regions Outside of Target
The above results for the radiation dose delivered to the entire brain demonstrates the differences between radiation types when one is concerned with the complications and long-term effects resulting from relatively low dose, whole brain irradiations. Complications may also arise from small volumes of tissue receiving large doses of radiation. We have attempted to quantify such effects by two means.
The first is to target vital structures which would cause severe complications should radiation injury occur to them. The other is to define shells of normal tissue surrounding the target volume without regard to the radiobiological characteristics or physis>logical importance. This was done with the idea in mind that given the dose distributions resulting from the treatment planning techniques used, these regions of tissue were the most likely to receive large doses . 
Effects of Target Size
Of all of the variables studied, the effects on the dose-volume histograms were most pronounced as the size of the target was varied. Target volumes ranged from 0.5 to 65 cm 3 . The relative positions of the dose-volume histograms for each radiation type studied remained the same for all volumes, as shown in Figure 3 . As the target volume increases, the absolute magnitude of the volume of normal tissue receiving a relatively high dose increases significantly.
Effects of Target Volume Shape and Location
In this limited sample of AVM targets, there existed a range of target shapes and locations. No attempt was made to pick shapes that might systematically measure the effect of target volume irregularity on the dose-volume histograms.
AVM locations were chosen to cover the range of centrally located lesions to those located adjacent to the skull. No significant differences between spherical targets and the irregularly-shaped volumes were noted for targets of roughly· the same volume. Given the ability to provide compensation, to adjust the width of the spread-out Bragg peak, and to match the beam aperture to the target shape for charged particles, this was not a surprising result. The photon results are the best possible owing to the use of shaped beam port apertures in the treatment planning ' calculations. This is not the clinically-realized situation, and work is continuing to model that aspect and to calculate the results.
The location of the target volume did have a small effect on the results for charged particles. This is due to the choice of beamports and the nature of the Bragg peak. Whenever the target volume did not lie on the midline, all beamports were chosen to enter from the side of the head in which the target was located.
For peripheral lesions, this means that each beam traverses only a short segment of normal tissue. The Bragg peak of charged particles results in no (or very small) dose distal to the end of the particle range except for that due to fragments of the primary ions. A more systematic study of this needs to be accomplished.
For photons, there was little dependence in the histograms and integral doses on the target location. This is a result of the bilateral arrangement of beamports and the exponential depth dose characteristic of photon radiation.
Effects of Irradiation Geometries
The effects of irradiation geometries of several different systems was investigated. Very small differences were found between the Linac geometry and the Gamma Knife geometry. We would like to emphasize that our results in this regard are incomplete owing to limitations in our current treatment planning program (such as the automatic determination of the beamport aperture shapes), and the lack of clinical treatment planning input for each particular case using these modalities. Work is proceeding to incorporate these factors so that comparisons between different photon modalities can be made.
The effect of beamport number was investigated for charged particles and photons. Although no attempt was made to discover the optimal number of beamports for charged particles, only small differences were seen for the beamport selection described above and for the case in which the beamport geometry of the Linac method was applied using carbon ion beams. The number of beamports was varied from 54 to 179 beams for the photon methods (both Linac and Gamma Knife ge- it was found that each species of charged particle produced dose distributions that were roughly comparable, but with slightly better results for carbon and helium ions when compared to protons and neon ions. It was also found that the photon dose distributions were worse than for ions for all situations studied. The differences are quite small for small target volumes, but become markedly larger as target volume increases. Of all of the variables studied, target volume had the greatest effect on comparisons between charged particles and photons. More work is needed to more accurately calculate dose distributions for photon radiosurgical techniques.
We hope that this work will help evaluate different techniques and methods, and that it can be used to establish the relationships between physical dose distributions and clinical results-both successes and complications. -as 
